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hsp82 is one of the most highly conserved and abundantly synthesized heat shock proteins of eucaryotic cells.
The yeast Saccharomyces cerevisiae contains two closely related genes in the HSP82 gene family. HSC82 was
expressed constitutively at a very high level and was moderately induced by high temperatures. HSP82 was
expressed constitutively at a much lower level and was more strongly induced by heat. Site-directed disruption
mutations were produced in both genes. Cells homozygous for both mutations did not grow at any temperature.
Cells carrying other combinations of the HSP82 and HSCS82 mutations grew well at 25°C, but their ability to
grow at higher temperatures varied with gene copy number. Thus, HSP82 and HSCS82 constitute an essential
gene family in yeast cells. Although the two proteins had different patterns of expression, they appeared to have
equivalent functions; growth at higher temperatures required higher concentrations of either protein.
Biochemical analysis of hsp82 from vertebrate cells suggests that the protein binds to a variety of other cellular
proteins, keeping them inactive until they have reached their proper intracellular location or have received the
proper activation signal. We speculate that the reason cells require higher concentrations of hsp82 or hsc82 for
growth at higher temperatures is to maintain proper levels of complex formation with these other proteins.

When exposed to elevated temperatures or other forms of
stress, cells and tissues from a wide variety of organisms
synthesize proteins known as the heat shock proteins
(HSPs). Coincident with the induction of HSPs, cells and
organisms become more tolerant to exposure to extreme
temperatures. This observation has led to the general as-
sumption that HSPs provide protection from the toxic effects
of heat. The assumption has been reinforced by many lines
of evidence. For example, virtually all other stress treat-
ments that induce the HSPs, such as exposure to ethanol,
anoxia, and heavy-metal ions, also induce thermotolerance.
Moreover, in several cases the kinetics of HSP synthesis and
degradation have been shown to parallel the kinetics of
thermotolerance induction and decay (reviewed in refer-
ences 26 and 27).

The results of other experiments, however, conflict with
the hypothesis. For example, in some cells, cycloheximide
blocks the induction of HSPs without blocking the induction
of thermotolerance (25, 48, 49). Genetic investigations have
also produced seemingly contradictory results. On the one
hand, Escherichia coli mutations that block expression of
o2 (the transcriptional regulator of the heat shock genes)
block both the induction of HSPs and the induction of
thermotolerance (20, 32). On the other hand, artificial induc-
tion of 032 at normal temperatures leads to induction of the
HSPs but does not induce thermotolerance (47).

Mutations in individual HSPs have provided important
new insights. Cells of the yeast Saccharomyces cerevisiae
that carry mutations in the heat-inducible ubiquitin gene are
killed more rapidly than wild-type cells by long-term expo-
sure to temperatures just above the maximum growth tem-
perature (19). However, the mutants are killed at the same
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rate as wild-type cells when exposed to extreme tempera-
tures. Cells carrying mutations in SSA/ and SSA2, two
members of the HSP70 gene family, are temperature sensi-
tive for growth but are less rapidly killed by extreme
temperatures than wild-type cells (12). (The constitutive
overproduction of other HSPs, including other members of
the HSP70 gene family, in these mutants may explain this
result.) Experiments of this type indicate that different
proteins may be responsible for different temperature-re-
lated phenomena; some proteins may allow cells to grow at
the upper end of their normal temperature range, some may
help cells survive chronic exposure to supraoptimal temper-
atures, and some, as yet unidentified, may increase survival
after exposure to extreme temperatures.

While attempts to define the roles of the HSPs at high
temperature have continued, it has become apparent that
many of the proteins, or their close relatives, are synthesized
at normal growth temperatures and are induced at specific
times in development. Thus, in addition to their putative
protective functions during exposure to high temperature
and other forms of stress, the proteins may provide essential
basal or developmental functions. This has been clearly
demonstrated in the case of the hsp70 family of proteins in
yeast cells (12, 13). Deletions of certain individual genes and
of certain gene combinations in this gene family result in
lethal phenotypes.

Here we describe the effects of mutations in the yeast
HSP82 genes. All eucaryotes produce one or more heat-
inducible proteins with molecular sizes in the range of 80 to
90 kilodaltons (kDa). Proteins in this family are highly
conserved, with those from eucaryotes as distantly related
as yeasts, fruit flies, mammals, and trypanosomes sharing at
least 50% amino acid sequence identity (3, 17, 18, 30).
Moreover, the eucaryotic proteins share approximately 40%
amino acid sequence identity with the only known member
of this family in E. coli, htpG or C62.5 (3). These proteins
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FIG. 1. Subclones and sequencing strategy for the HSC82 gene from S. cerevisiae. (A) Restriction maps of plasmids constructed during
subcloning of the HSC82 gene. Symbols: (1, BamHI fragment containing the gene and its flanking regulatory sequences; ll, other flanking

yeast sequences; ——, YEp13 (pUTX202)- or pBR322 (pUTX203)-derived sequences. (B) Detailed restriction map of the portion of HSC82
that was sequenced, 5’ end on the left. Symbols: ——, coding region; , adjoining yeast DN A. Arrows above indicate positions and lengths

of sequences determined from the messenger-identical strand; arrows below indicate positions and lengths of sequences determined from the
messenger-encoding strand. Abbreviations: B, BamHI; Bc, Bcll; E, EcoRl; H, Hindlll; He, Hincll; Hp, Hpall; K, Kpnl; P, Pvull; Ps, Pstl;

R, Rsal; S, Sau3A; X, Xbal; Xm, Xmnl; bp, base pairs.

have been variously named in the literature, according to
their apparent molecular weights on sodium dodecyl sulfate
(SDS)-gels. Since nucleic acid sequence analysis of the
genes encoding these proteins now reveals that virtually all
proteins in the family have predicted molecular sizes of 80 to
84 kDa, we will refer to them here as the hsp82 family. (Two
major exceptions exist: the E. coli protein has a predicted
molecular weight of 62.5 kDa, and vertebrate cells contain
additional genes encoding proteins with signal sequences for
entry into the endoplasmic reticulum that have predicted
molecular weights of 90 to 94 kDa.)

The yeast S. cerevisiae produces two proteins in this
family with molecular weights of 80,885 (hsc82; this paper)
and 81,419 (hsp82; 18). Like the HSP82 genes of higher
eucaryotes, the yeast genes are complexly regulated. They
are induced not only in response to high temperatures but
also during the approach to stationary phase and during
sporulation (24; K. A. Borkovich and S. Lindquist, manu-
script in preparation). We have examined the effects of
mutations in the yeast HSC82 and HSP82 genes on growth at
various temperatures, on survival at extreme temperatures,
and on sporulation.

MATERIALS AND METHODS

Screening of the genomic library, DNA sequencing, and
sequence comparison. The HSC82 gene was isolated from the
Nasmyth-Tatchell YEp13 library (31) by hybridization with
the HindIII-EcoRI fragment of the HSP82 clone pUTX1 as
previously described (18) except that the formamide concen-
tration was 30% and the temperature was 42°C. One positive
clone, pUTX202, having an insert of approximately 10
kilobases, was chosen for further study (Fig. 1). The BamHI

fragment of this clone, containing the HSC82 gene, was
subcloned into pBR322 to give pUTX203 (Fig. 1) and se-
quenced by the Maxam-Gilbert protocol as previously de-
scribed (18). Amino acid sequences were aligned by using
the program GAP (15), which utilizes the algorithm of
Needleman and Wunsch. The percent identity is the number
of identical amino acids or bases in the two sequences after
alignment divided by the number of units in the first se-
quence mentioned in the comparison. The GenBank acces-
sion number for HSC82 is M26044.

Plasmid constructions and yeast transformations. Plasmid
YEp13 (7) was cut with Bglll, and the fragment containing
the yeast LEU2 gene was purified. This fragment was
inserted at the Bg/Il site of pUTX17 (HSP82) (17), creating
plasmid pUTX123. Plasmid pUTX212 was constructed by
replacing the Bcll site and the EcoRlI site site of pUTX203
(HSC82) with the 5.1-kilobase BamHI-EcoRI fragment of
YIp5 (46). Vector pKAT7 was made by digesting pUTX203
to completion with Kpnl, treating with T4 DNA polymerase,
and religating in the presence of Bg/II linkers. Plasmid
pKATI12 was constructed by ligating the Bg/ll LEU? frag-
ment from pUTX123 into the Bgl/II site of pKAT?7.

One pair of isogenic a and a haploid strains of S. cerevi-
siae were the recipients for all DNA transformations:
W3031A (a ade2-1 canl-100 his3-12,16 leu2-3,112 trpl-1
ura3-1) and W3031B (a ade2-1 canl-100 his3-12,16 leu2-
3,112 trpl-1 ura3-1). Diploids were created by mating iso-
genic haploids from independent transformations. Cells were
transformed with linear DNA (21, 41) and plated for expres-
sion of the appropriate auxotrophic marker as follows: for
W303leu, the Bglll LEU2 gene fragment of pUTX123; for
PLD82, the Xbal fragment of pUTX123 containing the LEU2
gene; for strain CLD82, the BamHI fragment of pKATI12
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TABLE 1. Yeast strains used
Strain Relevant genotype Source
HSC82 HSP82 wild type
W3031A leu2 his3 ura3 HSP82 HSC82 MATa R. Rothstein
W3031B leu2 his3 ura3 HSP82 HSC82 MATa R. Rothstein
LP112 leu2 his3 ura3 HSP82 HSC82 L. Petko
leu2 his3 ura3 HSP82 HSC82
W303leu LEU2 his3 ura3 HSP82 HSC82 .
LEU? his3 ura3 HSP82 HSC82 This study
W303ura leu2 his3 ura3 HSP82 HSC82 CEN URA3 This stud
leu2 his3 ura3 HSP82 HSC82 CEN URA3 y
hsc82 hsp82 mutant
CLDS2 leu2 his3 ura3 HSP82 hsc82::LEU2 This stud
leu2 his3 ura3 HSP82 hsc82::LEU2 Y
CUDS82 leu2 his3 ura3 HSP82 hsc82::URA3 This stud
leu? his3 ura3 HSP82 hsc82::URA3 y
PLDS82 leu2 his3 ura3 hsp82::LEU2 HSC82 This stud
leu2 his3 ura3 hsp82::LEU2 HSC82 y
SCC82 leu2 his3 ura3 hsp82::LEU2 _ HSC82 This stud
leu2 his3 ura3 hsp82::LEU2 hsc82::URA3 Y
SCP82 leu2 his3 ura3 __HSP82 _ hsc82::URA3 This stud
leu? his3 ura3 hsp82::LEU2 hsc82::URA3 y
PCD82 leu2 his3 ura3 __HSP82 _ hsc82::URA3 This study

leu?2 his3 ura3 hsp82::LEU2  HSC82

containing the LEU2 gene; and for strain CUDS82, the
HindIII fragment of pUTX212 containing the URA3 gene.
The diploid wild-type strain LP112 was created by mating of
W3031A and W3031B (36). Wild-type strain W303ura was
constructed by transformation of W3031A and W3031B with
the YCp50 vector, followed by mating the resultant haploid
transformants. Strain PCD82 was constructed by mating
CUDS82 and PLD82 haploids. Strain SCC82 was made by
transformation of strain PLD82 with the HindIII fragment of
plasmid pUTX212, and strain SCP82 was constructed by
transformation of CUDS82 with the Xbal fragment of plasmid
pUTX123.

The five diploid strains examined in greatest detail were
W303leu (the wild-type strain transformed with the LEU2
auxotrophic marker), PLD82 (two wild-type HSC82 genes
and two mutant Asp82 genes with LEU disruptions), CLD82
(two wild-type HSP82 genes and two mutant hsc82 genes
with LEU disruptions), SCP82 (a single copy of the wild-type
HSPS82 gene, one mutant hsp82 gene, and two mutant hsc82
genes), and SCC82 (a single copy of the wild-type HSC82
gene, one mutant Asc82 gene, and two mutant hsp82 genes).
The relevant genotypes of all strains are summarized in
Table 1.

Analysis of yeast genomic DNAs. Yeast genomic DNAs
were purified from stationary-phase YPDA cultures as pre-
viously described (14). DNAs were cut with the indicated
restriction enzyme, separated by agarose gel electrophoresis
(29), and blotted onto Hybond-N (Amersham Corp.) accord-
ing to the recommendations of the manufacturer. Prehybrid-
ization, hybridization, and washing of blots were done as
recommended for this membrane except for the omission of
dextran sulfate. A 3?P-labeled probe was prepared by nick
translation (29) of the HindIII-EcoRI fragment of pUTX1
(HSP82), which hybridizes equally well with both HSP82
and HSCS82 genes (F. W. Farrelly and D. B. Finkelstein,
unpublished data).

Heat shock and control conditions and immunological de-
tection of hsp82 and hsc82. Yeast cells were grown in minimal
dextrose medium (SD) to mid-log phase (5 x 10° cells per
ml). Portions of 1 ml were transferred to glass tubes and

incubated at 25°C (control) or 39°C (heat shock) for 1 h. Cells
were harvested by centrifugation, and denatured extracts
were made by lysis with glass beads in absolute ethanol
containing 3 mM phenylmethylsulfonyl fluoride. Total cellu-
lar proteins from 10° cells were separated by electrophoresis
on 7% polyacrylamide-SDS gels and transferred electro-
phoretically to a nitrocellulose or nylon membrane (36). To
increase the resolution between hsp82 and hsc82, electro-
phoresis was continued until proteins in the range of 80 kDa
had run two-thirds of the way down the gel. The blot was
preincubated in 5% milk in phosphate-buffered saline, fol-
lowed by incubation in the same solution containing a 1:500
dilution of a polyclonal antibody specific for hsp82 and hsc82
in yeast cells (Borkovich and Lindquist, in preparation). The
sheet was washed in phosphate-buffered saline, and immu-
noreactive proteins were visualized by using >’I-protein A
(ICN Pharmaceuticals Inc.) as previously described (6).

In vivo protein labeling. Strains were cultured in SD
medium to a density of 5 X 10° cells per ml at 25°C. Aliquots
(1 ml) were incubated at either 25 or 39°C for 30 min, after
which 20 nCi of [*Hlisoleucine (99 Ci/mmol; Amersham) was
added and incubation was continued for 30 min. Cells were
pelleted and proteins were extracted as described above.
Samples containing 10,000 cpm of base-stable, trichloroace-
tic acid-precipitable counts were separated by SDS-poly-
acrylamide gel electrophoresis and prepared for fluorog-
raphy by incubating the gel in 20% 2,5-diphenyloxazole
(PPO) in glacial acetic acid before drying.

Vegetative growth at 25 and 37°C. Strains were grown in
liquid YPDA (1% yeast extract, 2% Bacto-Peptone, 2%
glucose, 10 pug of adenine sulfate) medium with vigorous
aeration at 25°C to mid-log phase and diluted to either 3 X
10* cells per ml (25°C cultures) or 10* cells per ml (37°C
cultures) in YPDA medium. Samples were taken at various
times and counted with a hemacytometer. Genotypes were
verified by immunological analysis of proteins extracted
from the cells at various times as described above.

Sporulation efficiency and spore viability. Yeast strains
were cultured in YPAc (1% yeast extract, 2% Bacto-Pep-
tone, 2% potassium acetate) medium to 3 X 107 to 5 x 107
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cells per ml at 25°C. The cultures were centrifuged to pellet
the cells, washed once in 1% potassium acetate, and then
resuspended to the same cell density in 1% potassium
acetate. Equal portions were withdrawn at different times
after the transfer to potassium acetate and monitored for the
presence of dyads, triads, and tetrads, using a hemacytom-
eter. Percent sporulation was taken as the total number of
dyads, triads, and tetrads divided by the total number of
cells in the field. To assess spore viability, asci from 4-day
sporulation cultures were dissected onto YPDA plates.
Plates were incubated at 30°C for 2 to 3 days and then scored
for the presence of colonies formed by germinated spores.
To recover haploid spores containing no functional copies of
HSP82 or HSC82, strain PCD83 was dissected on YPDA
plates and incubated at either 30°C for 3 days or 17°C for 3
weeks before scoring. Colonies were patched onto tester
plates to check genotypes.

Thermotolerance during vegetative growth at 25°C. (i)
YPDA medium. Diploid strains W303leu, PLDS82, and
CLD82 were inoculated at 2 X 10* cells per ml into YPDA
medium, and cultures were grown at 25°C overnight. At
various times the next day, equal portions were withdrawn
and placed on ice. The samples were sonicated briefly to
disaggregate the cells, and 3- to 300-nl portions of each
sample were transferred to glass Corning tubes (16 by 80
mm) on ice. Two of the tubes (control and no pretreatment)
were placed at 25°C; the third tube was incubated at 37°C
(pretreatment) for 30 min. At this time, the control tube was
put on ice and the other two were incubated at 50°C for 8
min. After the heating, the last tubes were also placed on ice.
Chilled cultures were diluted with ice-cold YPDA medium,
and 100-pl portions were spread onto YPDA plates. The
plates were incubated at 30°C for 2 days, and the colonies
were counted.

(ii) YPAc medium. The protocol described for YPDA-
grown cells was used except that the original cell densities
varied from 2 x 10° to 1 X 108 cells per ml, the time of
incubation at 50°C varied from 3 to 30 min, and cultures were
diluted with ice-cold YPAc medium. In some experiments,
the cells were plated without dilution.

RESULTS

Characterization of the HSC82 and HSP82 genes. Cloning
and initial characterization of the yeast HSP82 gene were
described previously (18). Hybridization of this gene to
restricted, electrophoretically separated genomic DNAs
(Southern blot analysis) revealed a second, closely related
gene in the haploid yeast genome. Clones for this related
gene were obtained by screening a plasmid library with the
HSPS82 gene. Expression of the two genes was analyzed
during growth at normal temperatures and during heat shock
by hybridizing gene-specific probes to total cellular RNAs
(data not shown). RNAs were produced constitutively from
both genes at 25°C, with those from the HSP82-related gene
being much more abundant. The gene was therefore named
HSC82 to denote its relationship to HSP82 and its higher
constitutive level of expression. RNAs from the HSCS82 gene
increased modestly in concentration after heat shock,
whereas RNAs from the HSP82 gene increased manyfold.
Complementary results were obtained in quantifying expres-
sion of the two proteins with a specific antiserum (see Fig.
30).

The entire coding region of HSC82 and adjacent se-
quences sufficient for regulated expression were contained in
the 5-kilobase insert of pUTX203 (Fig. 1). The 5' end of the
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transcript was mapped at —41 relative to the ATG codon by
S1 analysis (data not shown). The largest open reading frame
extended from +1 to +2118 and predicted an acidic protein
with a molecular weight of 80,885 (Fig. 2). This protein was
97% identical to the yeast hsp82 protein at the amino acid
level. There was also a region of 71% base identity in the 5’
upstream regions of the two genes corresponding to posi-
tions —233 to —196 for the HSC82 gene (data not shown).
This region had no significant homology to the original
purported heat shock consensus sequence CTGGAATNT
TCTAGA (34), although the segment from —192 to —179 in
the HSC gene contained a 9-of-15-nucleotide match. It has
been suggested, however, that the heat shock consensus
sequence is actually composed of multiple GAA segments
arranged in alternating orientations and separated by 2-
nucleotide spacers with a S-base-pair core motif (2). A
minimum of three 5-base-pair cores, with one core preceded
by two of the nucleotides TA, TC, or GA, is required for
optimal induction. An extra core, not containing a GAA or
TTC block, may separate two functional cores as long as the
proper spacing is maintained. This theory is consistent with
results obtained by others (35, 45, 50). Inspection of the
yeast HSC82 and HSP82 genes revealed that the region of
upstream homology (—233 to —196) contained such an
element: TTCTA GAANG NNNNN GAANA, with N des-
ignating nucleotides that differ between the two genes. Since
both HSP82 and HSC82 were found to have the same basic
element, their different patterns of expression suggest the
participation of other elements in their regulation.

The yeast hsp82 and hsc82 proteins shared 62, 62, and 63%
amino acid identity with the Drosophila melanogaster hsp82
(5), human hsp90 (37), and Trypanosoma cruzi hsp90 (17)
proteins, respectively. All eucaryotic members of the hsp82
family sequenced to date contain a highly-charged central
region of repeated acidic and basic residues. This region is
absent in the E. coli protein htpG, accounting, in part, for its
lower molecular weight (3). For the yeast hsc82 protein, it
extends from residues 221 to 259 and contains within it four
repeats of the pentapeptide sequence (acidic amino
acid),(lysine),, beginning at residues 221, 226, 231, and 246
(Fig. 2). The yeast hsp82 protein shows a similar motif (18),
with its higher molecular weight being due to the insertion of
an extra EEKKD sequence. The yeast and E. coli proteins
lack cysteine residues, while the Drosophila, Trypanosoma,
and human proteins contain five, six, and six, respectively,
concentrated in the carboxy termini. Finally, the four car-
boxy-terminal amino acids of the yeast hsc82 and hsp82
proteins are EEVD, found at the carboxy termini of virtually
all eucaryotic members of the hsp82 and the apparently
unrelated hsp70 protein families. (The major exceptions
being those members of the two families which enter the
endoplasmic reticulum.)

Construction of disruption mutations in HSP82 and HSCS2.
Mutations were created in the HSP82 and HSC82 genes by
inserting restriction fragments containing auxotrophic mark-
ers in the protein-coding sequence (Fig. 3A). Linear DNAs
containing the disrupted genes were transformed into yeast
cells, and gene conversion events replacing the wild-type
genes with the mutations were obtaineu by selecting for
expression of the auxotrophic marker (41). Both LEU2 and
URA3 auxotrophic genes were used to mark disrupted
alleles. For purposes of comparison, the original strains
were transformed with the same auxotrophic markers. This
was essential for correct identification of phenotypes, as the
auxotrophic markers influenced certain of the traits we
examined (see below). Since transformation itself can be
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FIG. 2. Nucleotide and deduced amino acid sequences of HSC82 from S. cerevisiae. The sequence presented is the messenger-identical
or plus strand. The nucleotide position (+1) corresponds to the translation origin of HSC82. Numbering of both nucleotides and amino acids

is shown on the left.

mutagenic, in each case several independent haploid trans-
formants were selected and compared with respect to growth
at 25 and 37°C. In all but one case, all haploids from a given
transformation reaction displayed the same characteristics.
The exceptional strain was discarded. Finally, to minimize
the chance that extraneous mutations might influence our

results, a and a haploid transformants were mated to pro-
duce diploids. Any random recessive mutations in one
haploid would be expected to be covered by a wild-type
allele in the other. The use of diploid cells also allowed us to
construct strains with a broader variation in HSP82 and
HSC82 gene copy number.
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FIG. 3. Construction and characterization of mutations in HSC82 and HSP82. (A) Plasmid constructions. A URA3 or LEU2 marker was
inserted into HSC82 or HSP82 as shown. (Adjoining pBR322 sequences are not shown.) (B) Southern blot hybridization of a portion of HSP82
to yeast genomic DNA from wild-type or mutant cells. The HSP82 fragment was labeled by nick translation and hybridized to
electrophoretically separated yeast DNAs cleaved with the indicated enzyme. Positions of fragments containing the wild-type HSCS82 and
HS P82 genes are marked. (C) Expression of hsc82 or hsp82 in mutant and wild-type cells after incubation at 25 or 39°C. Total cellular proteins
from the indicated strains were electrophoretically separated. transferred to a nylon membrane, and reacted with a polyclonal antiserum
specific for hsp82 and hsc82, followed by !**I-protein A. Two different autoradiographic exposures of the same blot are shown.

That the transformations had resulted in disruption of the
targeted genes and not their relatives was confirmed by
Southern blot analysis of genomic DNAs (Fig. 3B). To
confirm that expression of the appropriate protein was
eliminated by the mutations and to examine the effects of the
mutations on expression of the related gene, total cellular
proteins from various diploid strains were electrophoreti-
cally separated, transferred to a nylon membrane, and
reacted with an antiserum specific for the hsp82 and hsc82
proteins. Since wide variations in expression were observed
in these experiments, two different exposures of the 80-kDa
region of the blot are displayed in Fig. 3C. Wild-type strains
produced both proteins at 25°C, with hsc82 being produced
at a much higher level than hsp82 (approximately 10 times
greater by densitometry; data not shown). Cells homozygous
for the hsc82 mutations (strain CLD82) produced no hsc82
protein and showed a very slight induction of hsp82 relative
to wild-type cells. Cells homozygous for the /isp82 mutations
(strain PLD82) produced no hsp82 and showed no change in
the level of hsc82 relative to wild-type cells. Finally, cells
carrying a single wild-type HSP82 or HSCS82 gene (SCP82

and SCC82) produced roughly half the protein of cells
carrying two wild-type alleles of the same genes. Therefore,
the genes have a very limited capacity for dosage compen-
sation.

To examine the inducibility of the proteins at high temper-
atures, matched samples of cells were shifted from 25 to
39°C, the temperature that gives maximal induction of hsp82,
for 90 min, and total cellular proteins were prepared and
processed as described above. Wild-type cells showed a
strong induction of hsp82 and a moderate induction of hsc82
(Fig. 3C). (The induction of hsc82 is more readily apparent
on the shorter exposure.) In mutant strains, each gene
appeared to be induced independently. That is, cells carrying
a single copy of the HSP82 gene produced about half as
much hsp82 protein as cells carrying two copies of the gene.
Moreover, they produced the same quantities of hsp82
regardless of whether they also produced hsc82. Thus, as
was the case at 25°C, the genes have little, if any, capacity
for dosage compensation at high temperatures.

Comparison of total cellular proteins from these experi-
ments on stained gels demonstrated that hsc82 was one of
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the most abundant proteins in the cell at all temperatures,
accounting for one of the most intense Coomassie-stainable
bands (data not shown). hsp82 produced a very lightly
stained band at 25°C but, consistent with the results of
Western blot (immunoblot) analysis, accumulated to approx-
imately the same level as hsc82 after 90 min at 39°C. In
separate experiments, hsp82 accumulated to approximately
the same level as hsc82 after 4 h at 37°C.

Expression of one member of the HSP82 gene family is
essential for growth. Wild-type haploids were readily trans-
formed with constructs designed to produce disruption mu-
tations in either the HSP82 or the HSCS82 gene. However,
haploids that already carried one of these disruption muta-
tions could not be transformed with constructs designed to
disrupt the other gene despite repeated attempts. If these
single-disruption haploids were first transformed with an
extrachromosomal plasmid containing an HSP82 or HSC82
gene, they could then be readily transformed with constructs
designed to disrupt the other chromosomal gene.

These results suggested that the proteins produced by the
two genes serve identical or nearly identical functions and
that these functions are essential. The results of several
other experiments confirmed that this is the case. First,
diploid cells heterozygous for mutations in the HSP82 and
HSC82 genes were sporulated at 30°C and dissected. Figure
4A shows the results obtained with strain PCD82, carrying a
URA3-marked mutation in the HSC82 gene and a LEU2-
marked mutation in the HSP82 gene. No colonies were
obtained from Leu® Ura* spores, whereas other spores
produced colonies at the expected frequencies. Microscopic
examination of the spores that did not form colonies re-
vealed that they either did not germinate or germinated and
divided only two or three times. To determine whether
spores lacking the HSP82 and the HSCS82 genes might grow
and germinate at lower temperatures, the experiment was
repeated at 17°C. The same results were obtained as at 30°C
(Fig. 4B). Additionally, dissection of 58 tetrads produced no
evidence for linkage of HSP82 and HSC82 (data not shown).

These analyses demonstrate that cells must produce either
the hsp82 or hsc82 protein for spore outgrowth. To confirm
that the proteins are required for vegetative growth, hetero-
zygous diploids were constructed in which mutations in both
the HSP82 and HSC82 genes were marked with LEU2. The
strain was then transformed with a 2um plasmid containing
the wild-type HSC82 gene and the URA3 gene, sporulated,
and dissected. In tetrads showing 2:2 segregation of the
LEU2 gene, Leu* cells were chosen for further analysis.
These cells carried mutations in both the chromosomal
HSP82 and the chromosomal HSC82 genes and carried a
wild-type HSC82 gene on the 2pm plasmid (confirmed on
Southern blots). They grew at normal rates at 25°C in YPDA
medium. To select for loss of the URA-containing plasmid,
the cells were plated onto medium containing S-fluoro-
orotate. No colonies were recovered from 10* cells plated.
Many colonies were obtained on S-fluoro-orotate if cells
carrying the URA HSC82 plasmid also carried a chromo-
somal HSC82 gene, a chromosomal HSP82 gene, or an
extrachromosomal HSC82 gene on a plasmid marked with
HIS.

Individual mutations in HSP82 or HSCS82 affect growth at
high temperatures. The effects of the /hsp82 and hsc82
mutations on vegetative growth were examined in several
different media at different temperatures. The five strains
shown in Fig. 3C were examined in greatest detail. All grew
at the same rate at 25°C in rich dextrose medium, with a
doubling time of 1.8 h, and all achieved the same final cell
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FIG. 4. Analysis of the viability of Hsc™ Hsp~ spores. SD-uracil
and SD-leucine indicate synthetic dextrose medium minus uracil and
leucine, respectively. Growth scores: +. growth: —, no growth.
Scores in parentheses are those expected for dead spores based on
the scores of other spores in the tetrad. A D comment marks
double-disruption (or hsc82 hsp82) mutant spores.

density (Fig. SA). When the cells were diluted and trans-
ferred in the log phase of growth from 25 to 37.5°C, cells
homozygous for the hsp82 or lisc¢82 mutation grew more
slowly than wild-type cells (Fig. 5B). The slow-growth
phenotype was proportional to gene dosage. Cells carrying
only a single copy of the HSP82 or HSC82 genes virtually
stopped growing. When the mutants were transformed with
an extrachromosomal centromeric plasmid carrying the
HSC82 gene, growth rates were restored to the expected
values (data not shown). Thus, the defect in growth at high
temperatures in these mutants was due to reduced synthesis
of the hsc82 and hsp82 proteins.

In rich dextrose medium (YPDA), a difference in growth
rates was not observed between mutant and wild-type cells
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FIG. 5. Demonstration that mutations in HSC82 or HSP82 affect
growth at 37.5°C but not 25°C. (A) Growth at 25°C. Cells were
inoculated in YPDA at 25°C and counted at the indicated times with
a hemacytometer. (B) Growth at 37.5°C. Cells were inoculated into
YPDA at 37.5°C and counted as for panel A. Key to symbols is the
same as in panel A.

at temperatures below 36°C. Between 36 and 38°C, differ-
ences between mutant and wild-type cells were more pro-
nounced the higher the temperature. (As is typical of S.
cerevisiae, the wild-type strain does not grow above 39°C.)
Curiously, the negative effects of the mutations on growth at
high temperatures were somewhat dependent on cell densi-
ties. That is, the effect was more pronounced when log-
phase cells were diluted to 10* or 10°/ml rather than 10%/ml.
Cultures of mutant cells also grew more slowly at high
temperatures when stationary-phase cells were used for
inoculation (data not shown).

Microscopic analysis of the strains examined in Fig. 3 and
§ after 13 h at high temperature revealed a large number of
double cells and cell clusters. The cells were much bigger
than wild-type cells, and their associations were not dis-
rupted by sonication. Occasionally, the large cells were
observed to lyse, leaving behind ghosted cell walls. Surpris-
ingly, a substantial number of these cells retained their
colony-forming capacity; after 25 h at 37.5°C, 10% of the
cells of strain SCC82 and 1% of the cells of strain SCP82
produced colonies when plated at 25°C on YPDA medium
(data not shown).

Sporulation efficiencies and spore viability. As discussed
above, hsp82 protein is induced both during stationary phase
and during sporulation (Borkovich and Lindquist, in prepa-
ration). Sporulation efficiencies were therefore compared in
various strains at 18, 25, 30, and 34°C in liquid medium and
on plates. (As is commonly observed in yeast strains,
sporulation efficiencies were strongly and adversely affected
in the parental stain by temperatures above 35°C; sporula-
tion was therefore not examined in the mutants above 34°C.)

MoL. CeLL. BioL.
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FIG. 6. Demonstration that mutations in HSC82 or HSP82 do
not influence sporulation efficiency. Cells from the indicated strains
were inoculated into sporulation medium at 30°C. Percent asci in the
culture (calculated as the sum of two-, three-, and four-spored asci)
was determined by microscopic inspection of the cultures at the
indicated times.

Figure 6 displays the time course of sporulation for strains
W303leu, PLD82, CLDS82, LP112, W303ura, and CUDS2 at
25°C in liquid medium. The only significant difference in
sporulation efficiency among these strains at this tempera-
ture was due to a difference in the nutritional markers; LEU2
ura3 strains sporulated faster and to a higher final efficiency
than leu2 URA3 strains. In separate experiments comparing
the five strains depicted in Fig. 3 and 5 (W303leu, CLD82,
PLD82, SCC82, and SCP82, all marked with LEU2) at 18,
25, 30, and 34°C in liquid medium and on plates, no consis-
tent, substantial differences in sporulation efficiencies were
observed (data not shown). Finally, spore viability was
examined in dissected asci from cells sporulated at 25°C
(Table 2). For the six strains examined, spore viabilities
were approximately the same, with LEU2 spores having a
slight advantage over leu2 spores.

Thermotolerance. The effects of mutations in the HSP82
and HSC82 genes on thermotolerance (that is, on the ability
of cells to survive brief exposures to extreme temperatures)
were examined in dextrose medium, which supports growth
by fermentation, and in acetate medium, which supports
growth by respiration. The results of a typical thermotoler-
ance assay, obtained by exposing cells growing in rich
dextrose medium at 25 to 50°C for 10 min, are presented in
Fig. 7A. Survival rates for all strains increased as cells went
from the early log phase to the stationary phase of growth
(Fig. 7B). Survival rates increased by more than 2 orders of

TABLE 2. Spore viability

Strain Relevant genotype ?;ai'l’l‘::;

W303leu LEU2 ura3 HSP90 HSC82 100
LEU2 ura3 HSP90 HSC82

CLD82 leu2 ura3 HSP82 hsc82::LEU2 95
leu2 ura3 HSP82 hsc82::LEU2

PLD82 leu2 ura3 hsp82::LEU2 HSC82 100
leu2 ura3 hsp82::LEU2 HSC82

W303ura leu2 ura3 HSP82 HSC82 CEN URA3 83
leu2 ura3 HSP82 HSC82 CEN URA3

CUD82 leu2 ura3 HSP82 hsc82::URA3 80
leu2 ura3 HSP82 hsc82::URA3

LP112 leu2 ura3 HSP82 HSC82 90

leu2 ura3 HSP82 HSC82
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FIG. 7. Demonstration that Asp82 and hsc82 mutants are as
thermotolerant as wild-type cells in YPDA. (A) Thermotolerance in
YPDA. Cells of the designated strain were inoculated in YPDA at
low density and cultured at 25°C. Equal portions were withdrawn at
various times, incubated at 50°C for 8 min, and plated onto YPDA
medium to determine the fraction of surviving cells as described in
Materials and Methods. +PT, Cells were pretreated at 37°C for 30
min before the 50°C incubation; —PT, cells did not receive a
pretreatment. (B) Growth curve in YPDA. Cell densities of the
cultures analyzed in panel A were determined at the indicated times
by counting with a hemacytometer.

magnitude when cells were pretreated at 37°C for 30 min
before the 10-min treatment at 50°C. As observed previ-
ously, pretreatments had lesser effects on thermotolerance
as cells entered stationary phase, with late-stationary-phase
cells showing no effect at all. At equivalent points in the
growth curve, mutant and wild-type strains showed similar
rates of survival without a pretreatment and similar in-
creases in survival with a pretreatment.

Thermotolerance was also examined in cells grown in
acetate, which forces them into respiratory metabolism. As
was the case with growth in glucose, there was an increase in
thermotolerance in all strains as cells transited from the early
log to the stationary phase of growth. In initial experiments,
mutant and wild-type cells showed no differences in thermo-
tolerance at any point in the growth curve when shifted
directly from 25 to 50°C. However, when the cells were
given a conditioning treatment at 37°C before the shift to
50°C, there was a marked difference in the temperature
sensitivity of the strains. Mutants were more readily killed
than wild-type cells at virtually every point in the growth
curve, with the greatest differences between strains (on the
order of 10-fold) observed in early-log-phase and late-sta-
tionary-phase cells. To investigate this difference in thermo-
tolerance in more detail, a variety of modifications were
made to the basic protocol. In initial experiments, cells were
diluted into ice-cold medium before plating. When the cells
were plated directly, without dilution, differences between

CHARACTERIZATION OF hsp82 3927

L
M&HIL(;HILC HHC H]C| HIM
: 2 g & ¢
& % 8§ & %
o N N = N
T s

FIG. 8. Demonstration that mutations in HSC82 or HSP82 do
not affect the expression of other cellular proteins at 25 or 39°C.
Cells grown at 25°C were incubated for 30 min at 25 or 39°C.
[*Hlisoleucine was added, and incubation was continued for 30 min
more. Total cellular proteins were separated on an SDS-polyacryl-
amide gel and visualized by fluorography.

the strains disappeared. Apparently, the mutations make the
cells more sensitive to manipulation after heat treatment.
Depending on the protocol used, this may or may not
manifest itself as a difference in thermotolerance.

Finally, we examined the patterns of protein synthesis in
wild-type and mutant cells at normal temperatures and
during heat shock to determine whether reduced synthesis of
hsp82 or hsc82 in the mutant cells had any effect on the
expression of other proteins (Fig. 8). No differences could be
found in control or heat-shocked cells from the wild type or
the mutants after visual inspection of the fluorograph from a
one-dimensional gel.

DISCUSSION

We have shown that the haploid yeast genome contains
two closely related genes in the HSP82 gene family, HSC82
and HSP82, with an overall amino acid identity of 97%. The
product of the HSCS82 gene, hsc82, is expressed at a very
high level at 25°C and is one of the most abundant proteins in
the cell. It is induced 1.5- to 2-fold at 39°C. The product of
the HSP82 gene, hsp82, is expressed at a much lower level at
25°C. It exhibits an approximately 20-fold increase in expres-
sion at 39°C and accumulates to nearly the same level as the
hsc82 protein. Haploid spores that do not contain a func-
tional HSC82 or HSPS82 gene do not germinate or germinate
and divide only a few times. Such cells can be rescued by an
extrachromosomal plasmid carrying a wild-type HSC82
gene. Vegetatively growing cells that lose their plasmid die
but can themselves be rescued by transformation with an
HSPS82 gene. Thus, although their patterns of expression
vary, the two proteins serve identical or nearly identical
functions, with expression of one or the other being essential
for growth at normal temperatures.
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Diploid cells carrying only a single copy of the HSP§2
gene grow as well as wild-type cells at 25°C. Since the genes
have. at best, a very limited capacity for dosage compensa-
tion, this means that cells which express on the order of 1/10
theg normal level of protein exhibit no phenotype at this
teﬁperalure. In separate experiments (unpublished data).
we have found that haploid cells carrying an extra copy of
the HSCS2 gene on a CEN plasmid produce nearly twice the
normal level of protein, with no apparent ill effects. Cells
carrying an extra copy of the HSC82 gene on a 2um plasmid
contain, on average, roughly five times the wild-type level of
protein. These cells do not grow as well as the wild type and
contain a relatively high concentration of breakdown prod-
ucts for the protein. Thus, although cells can tolerate con-
siderable variation in the concentration of hsp82 or hsc82 at
low temperature, there does appear to be an upper limit.

At temperatures above 36.5°C. the rate of cell growth
varies with the copy number of the HSC82 and HSPS2
genes. At 37.5°C, diploid cells that are homozygous for
mutations in the HSP82 or HSCS82 genes grow more slowly
than the wild-type. When these homozygous mutants are
also heterozygous for mutations in the other gene, they
virtually do not grow at all. At these temperatures, in
wild-type cells the hsp82 and hsc82 proteins are expressed at
nearly the same level and are among the most abundant
proteins in the cell. Thus, cells require very high concentra-
tions of these proteins for growth at high temperatures, on
the order of 10 to 20 times as much protein as they require
for growth at 25°C. In light of these results. the different
patterns of expression observed for these two functionally
equivalent proteins make a great deal of sense. One gene is
expressed constitutively at a very high level (probably at
close to the maximal level for any yeast gene). This provides
enough protein to act as a buffer against a broad range of
temperature fluctuations. Toward the upper extreme of the
natural growth range. however, this gene cannot supply a
sufficient quantity of protein by itself and another. heat-
inducible gene is employed.

Although little is known about the biochemical associa-
tions of hsp82 in yeast cells. the proteins of avian and
mammalian cells, usually referred to as hsp90. have been
reported to associate with several different proteins, with
only a small percentage of the total protein pool found in
complex with any one protein. For example, hsp90, together
with another cellular phosphoprotein of 50 kDa (pp50). has
been shown to associate with several newly synthesized
transforming kinases in virus-infected cells. These kinases
have little activity while in this cytosolic complex. When the
complex reaches the plasma membrane, hsp90 and pp50
dissociate, and the kinase becomes phosphorylated on ty-
rosines and acquires full activity (1. 8, 9. 11, 28. 51). hsp90
also binds to untransformed steroid hormone receptors.
Transformation of the receptor to the DNA-binding state.
upon the addition of hormone. coincides with dissociation of
hsp90 from the receptor (16, 22. 38, 39, 42. 43). hsp90 also
shows an affinity for tubulin (44), F-actin and calmodulin (23.
33), protein kinase C (F. O. Fields and J. Thorner. personal
communication), and elF2a kinase (40). although the spe-
cific nature of these associations is less clear.

On the surface, these associations would appear to be very
different in nature, but there does seem to be an underlying
theme. The general function of hsp82 may be to bind to a
wide variety of proteins, keeping them quiescent. until they
have arrived at their proper intracellular location or have
received the proper signal for activation. One might expect
that such a protein would be essential for growth at any
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temperature, and this is what we find. Our results also
indicate that cells need higher concentrations of the hsp82 or
hsc82 protein for growth at higher temperatures. This result
is also in keeping with the model. Protein-protein interac-
tions are profoundly affected by increases in temperature.
since the association process involves large changes in the
entropy of the proteins and the solvent, water (summarized
in reference 10). We suggest that the stability of interactions
between hsp82 or hsc82 and other proteins decreases as the
temperature increases. Thus. higher protein concentrations
would be required to maintain proper levels of complex
formation. In this case, it would be most efficient and
economical to induce only hsp82 or hsc82. since the protein
is shared by a variety of complexes and since cells are able
to tolerate a considerable excess of the protein without ill
effect.

Comparison of our results with the HSP82 gene family in
S. cerevisiae with the results of similar experiments in E. coli
reveals important similarities and differences. Deletion mu-
tants in the htpG gene (which encodes the homologous C62.5
protein in E. coli) display only an extremely subtle disad-
vantage for growth at normal temperatures, but this disad-
vantage becomes more pronounced at extreme temperatures
(4). This phenotype is similar to the phenotypes of individual
mutations in the yeast HSP82 and HSCS2 genes and suggests
a similarity in function. However, in E. coli there appears to
be only one gene in this family. and the deletion is viable. It
is doubtful that a closely related gene covers the essential
function of htpG, since no cross-reacting material was de-
tected with polyclonal antibodies and no cross-hybridizing
material was detected with low-stringency Southern blot
analysis. It appears, then, that this protein is essential in
yeast cells but serves only an auxiliary, growth-enhancing
role in E. coli. Given the extraordinary degree of conserva-
tion in this protein (40% amino acid identity between the
yeast and E. coli proteins [3]). it may be that the function of
the protein is the same in the two organisms but that this
function is simply not essential in E. coli. If, for example, the
function is to keep particular target proteins inactive during
intracellular transport, the smaller size of bacterial cells and
the lack of internal membranes may make this a valuable but
nonessential function. Alternatively, the protein may have
acquired novel functions in eucaryotic evolution (perhaps
related to the appearance of the highly charged domain that
is only found in the eucaryotic proteins), and it may be these
novel functions that are essential. Extending the biochemical
methods of analysis used with this protein family in verte-
brate cells to organisms as amenable to genetic analysis as E.
coli and S. cerevisiae should provide an answer to these
questions.
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